Abstract: Chemical-Looping with Oxygen Uncoupling (CLOU) process is a ChemicalLooping Combustion (CLC) technology that allows the combustion of solid fuels using oxygen carriers with inherent CO 2 separation The oxygen necessary for the fuel combustion is supplied by a solid oxygen carrier, which contains a metal oxide. The oxygen carrier circulates between two interconnected fluidized reactors: the fuel and the air reactor. In the CLOU process, the oxygen carrier releases gaseous oxygen in the fuel reactor which burns coal as in common combustion with air, so the CO 2 generated is undiluted with N 2 . The reduced oxygen carrier is oxidized by air to the initial metal oxide in the air reactor, then being ready to start a new cycle. The aim of this work is to study the performance of the CLOU process using coals of different rank. Experiments were carried out in a continuously operated 1.5 kW th unit. Particles prepared by spray drying containing 60 wt.% CuO were used as oxygen carrier. Four coals of different rank (anthracite, low volatile bituminous, medium volatile bituminous and lignite) were used as fuel. Besides, the temperature in the fuel reactor was varied between 900 and 950 ºC. In all the experiments there was complete combustion of the coal to CO 2 and H 2 O, without any unburnt product. The carbon capture efficiency greatly depends on the coal rank and fuel reactor temperature. High carbon capture efficiencies were obtained for Lignite and Medium Volatile Bituminous coals. The maximum capture efficiency was 99.3% at 950 ºC with Lignite. The analysis of the experimental results was used to evaluate the effect of the coal rank in a CLOU system when a carbon separation system is included. At 925 ºC, the solid inventory needed to reach 95 % of CO 2 capture efficiency with a carbon separation system of 90 % of efficiency is 45 kg/MW th using Lignite, 85 kg/MW th using MV Bituminous, 140 kg/MW th using LV Bituminous and 490 kg/MW th using Anthracite. It must be pointed out the low solid inventories needed in the CLOU process for the different coal rank analyzed in this work.
Introduction
According to the IPCC report on mitigation of climate change (IPCC, 2005) , in order to stabilize CO 2 concentration in the atmosphere Carbon Capture and Storage (CCS) would contribute with 15-55% to the cumulative mitigation effort worldwide until 2100. CCS is a process involving the separation of CO 2 emitted by industry and energyrelated sources, and its storage for isolation from the atmosphere over a long term.
Chemical-Looping Combustion process (CLC) has been suggested among the best alternatives to reduce the economic cost of CO 2 capture (Kerr, 2005) and to reduce energy penalty compared with other CO 2 capture process (Kvamsdal et al., 2007) . In this process, CO 2 is inherently separated from other combustion products, N 2 and unused O 2 , through the use of a solid oxygen carrier. Thus no energy is expended for the CO 2 separation. The CLC process has been demonstrated for combustion of gaseous fuels such as natural gas or syngas in 10 to 140 kW th units using oxygen carrier materials based on Ni (Linderholm et al., 2009; Kolbitsch et al., 2009; Ryu et al., 2010) , Cu (Adánez et al., 2006) and Fe ). All these oxygen carriers have been reviewed by .
However, for energy generation is highly relevant the direct use of solid fuels in the CLC concept because solid fuels are considerably more abundant and less expensive than natural gas. In the Chemical-Looping Combustion with solid fuels, the fuel is physically mixed with the oxygen carrier in the fuel reactor. The in-situ gasification of the solid fuel, e.g. coal, biomass or solid wastes, has been proposed using steam or CO 2 as gasification agent (Cao and Pan, 2006; Scott et al., 2006) . This process has been demonstrated in units of 10 kW th with coal or biomass (Berguerand and Lyngfelt, 2008; Shen et al., 2009) . The limitation in the solid fuel conversion in the CLC with solid fuels comes from the slow gasification process (Berguerand and Lyngfelt, 2008; Cuadrat et al., 2012a) . To increase the gasification rate, temperatures higher than 1000 ºC has been proposed (Berguerand and Lyngfelt, 2009 ).
To overcome the low reactivity of the char gasification step in the direct solid fuelled Chemical-Looping Combustion, an alternative process, Chemical-Looping with Oxygen Uncoupling (CLOU), was recently proposed by Mattisson et al. (2009a) . They made use of the idea first proposed by Lewis and Gilliland (1954) to produce CO 2 from solid carbonaceous fuels by using gaseous oxygen produced by the decomposition of CuO.
Chemical-Looping with Oxygen Uncoupling (CLOU) process is based on the strategy of using oxygen carrier materials which release gaseous oxygen and thereby allowing the solid fuel to burn with gas phase oxygen. These materials can be also regenerated at high temperatures. (1) and the solid fuel begins to devolatilize producing a carbonaceous solid residue (char, mainly composed by carbon and ash) and volatile matter as gas product:
Coal → Volatile matter + Char (C)
Then, volatiles and char are burnt as in usual combustion with gaseous oxygen according to reactions (3) and (4):
Char (C) + O 2 → CO 2 (4)
After steam condensation, a pure CO 2 stream can be obtained from the fuel reactor. The reduced oxygen carrier is transported to the air reactor, where the oxygen carrier is regenerated to the initial oxidation stage with the oxygen of the air, and being ready for a new cycle. Ideally, the exit stream of the air reactor contains only N 2 and unreacted O 2 . The heat release over the fuel and air reactors is the same as for conventional combustion. Therefore CLOU process has a low energy penalty for CO 2 separation and low CO 2 capture costs are expected.
In the CLOU process, the slow gasification step on the direct solid fuel CLC is avoided, giving a much faster solid conversion Eyring et al. 2011; Abad et al 2012) . It was found that the conversion rate of the solid fuel was increased by a factor of 45 for petroleum coke (Mattisson et al., 2009a) or by 60 for a bituminous coal at CLOU conditions oxygen carriers in comparison to those measured with oxygen carrier which do not have oxygen uncoupling properties.
Moreover, the combustion of the fuel consumes the oxygen generated by the oxygen carrier and improves the decomposition reaction of the metal oxide particles (Adánez-Rubio et al., 2012a) . As consequence, a solids inventory in the fuel reactor between 120
and 200 kg/MW th were estimated for CLOU process (Mattisson et al., 2009a , Eyring et al., 2011 . A minimum solids inventory was estimated by Adánez-Rubio et al. (2012a) as low as 50 kg/MW th . These solids inventories are much lower than the ones required in a CLC system with solid fuels, 2000 kg/MW th for Fe-based particles (Leion et al., 2007; Cuadrat et al., 2012b and 2012c have been tested in a batch fluidized bed at Chalmers University of Technology (Azimi et al., 2011; Leion et al., 2009a; Shulman et al., 2009 and . Good oxygen uncoupling and mechanical properties, as well as high reactivity with methane were showed for a Mn/Fe material and perovskite type material. These two promising materials were further tested in a continuous facility with methane as fuel (Rydén et al., 2011a and 2011b) .
In general, Cu-based materials have faster release of oxygen than Mn-based particles . Preliminary experiments in a batch fluidized-bed reactor were conducted using Cu-based materials with Al 2 O 3 or ZrO 2 as supporting materials Mattisson et al., 2009a and , and a high fractional conversion rate of char was found for several carbonaceous materials, including petcoke, coal or biomass. However, they found some defluidization phenomena with Cu-based particles during some parts of the experiments.
In the research group of ICB-CSIC, a screening study considering 25 different Cu-based oxygen carriers was done to select appropriate materials for CLOU process (Adánez-Rubio et al., 2011; Gayán et al., 2012) . Particles prepared by different methods and using several CuO contents and supporting materials were tested. Reactivity of materials was analyzed in a TGA, whereas mechanical stability and fluidization properties were studied in a batch fluidized bed. (Adánez-Rubio et al., 2012b ).
Leion and coworkers ) using six different solid fuels showed that the differences in reactivity between solid fuels were more pronounced in ChemicalLooping Combustion than in CLOU process. This fact was explained by the difference in the reaction paths between both processes. In CLC, the limiting reaction is the slow gasification of the fuel, whereas in CLOU the release of oxygen from the oxygen carrier particle becomes rate limiting.
The aim of this work was to investigate the performance of the CLOU process for different type of coals ranging from lignite to anthracite. The effect of the coal rank and the fuel reactor temperature on the combustion efficiency and carbon capture efficiency was investigated in a continuously operated CLOU unit. The results obtained are analyzed and discussed in order to be useful for the scale-up of a CLOU process fuelled with coal. Preliminary results showed that this material had adequate values of reactivity and oxygen transport capacity in fluidized-bed conditions (Adánez-Rubio et al., 2012a) . In tests carried out in a continuous CLOU unit burning coal with this material, high combustion rate with complete combustion to CO 2 and H 2 O were obtained using a low solids inventory in the fuel reactor .
Experimental section

Coals
Four different coals were used for CLOU experiments with the Cu60AlMg oxygen carrier. A Lignite from Teruel basin (Spain), a Medium Volatile Bituminous coal from South Africa, a Low Volatile Bituminous coal from Checkia, and an Anthracite from El Bierzo (Spain) were used with the aim to cover a wide range of coals. Main properties of selected coals (proximate and ultimate analysis and LHV) are showed in Table 2 .
Note the high ash contents of lignite (25.2 %) and anthracite (31.6 %) coals. The coal particle size used for this study was +0.2-0.3 mm with all fuels.
TGA facility
A thermogravimetric analyzer (TGA) was used for the determination of the coal combustion reactivity. A detailed description of the TGA can be found elsewhere (de Diego et al., 2004) . The TGA consisted of a quartz tube (24 mm i.d.) placed in a mobile furnace. This furnace has two positions: upper position inside the reaction zone, and a lower position outside the reaction zone. The method developed by Adánez et al. (2001) was used to obtain the intrinsic reactivity of coal combustion. Char was prepared for each coal in the TGA. For char preparation, 5 mg of the corresponding coal were well mixed in 45 g of silica sand and placed in a wire mesh basket inside the quartz reactor of the TGA at ambient temperature. A N 2 flow of 25 L N /h was fed into the reactor. At the same time, the furnace was heated to 900 ºC, but in the lower position. When the mass of the sample was stable, a quick heating was carried out using the mobile furnace.
A flash devolatilization of coal occurred, in a similar way as in at CLOU unit.
Devolatilization was carried out at 900 ºC during 30 s. After that, the coal sample was cooled to ambient temperature. The char reactivity was determined at 500 ºC in air atmosphere using 25 L N /h. Experimental conditions were selected to avoid film gas transfer and internal diffusion resistances as much as possible trying to obtain intrinsic reactivities.
ICB-CSIC-s1 unit for the CLOU process
A schematic view of the experimental set-up used is shown in Fig. 2 . The set-up was basically composed of two interconnected fluidized-bed reactors -the air and fuel reactors-joined by a loop seal in the lower and a riser for solids transport from the air reactor to the fuel reactor. A cyclone recovers the solid entrained from the riser. A solids valve controls the solids circulation flow rate in the system. The reactors operate at slightly higher than atmospheric pressure, taking into consideration the pressure drops in the beds and pipes to stack. The fuel reactor (1) consisted of a bubbling fluidized bed with 50 mm of inner diameter and 200 mm bed height. N 2 was used as fluidizing gas.
N 2 instead CO 2 was used as fluidizing gas in order to improve the accuracy for calculation of carbon burnt in the fuel reactor. In a previous work it was determined that the fluidization agent does not have any influence on the oxygen carrier behaviour (Adánez-Rubio et al., 2011; Gayán et al., 2012) . out to observe the distribution of gas fed in to the loop seal. In the experimental conditions used in this work, the gas in the loop-seal was distributed approximated at 50% in each reactor (air and fuel reactor).
The oxidation of the carrier took place in the air reactor (3), being a bubbling fluidized bed with 80 mm of inner diameter and 100 mm bed height, and followed by a riser (4) with 30 mm of inner diameter. The air flow was 1740 L N /h (u g = 0.40 m/s). In addition, a secondary air flow (240 L N /h) was introduced at the top of the bubbling bed to help particle entrainment through a riser. N 2 and unreacted O 2 left the air reactor passing through a high-efficiency cyclone (5) and a filter before the stack. The oxidized solid particles recovered by the cyclone were sent to a solids reservoir (7), setting the oxygen carrier ready to start a new cycle. The regenerated oxygen carrier particles returned to the fuel reactor by gravity from the solids reservoir through a solids valve (8) which controls the flow rates of solids entering to the fuel reactor. A diverting solids valve (6) located below the cyclone allowed the measurement of the solids flow rates at any time.
Therefore, this design allows us to control and to measure the solids circulation flow rate between both reactors. The ash particles from char combustion were not recovered by the cyclone and were collected in a filter down-stream. Thus, ash particles were not accumulated in the system. The ashes recovered in the filter closed the mass balance difference above 80% with regard to the amount of ash fed to the system. Further investigation on oxygen carrier extracted from the diverting valve (6) showed no presence of ash particles, confirming that ashes are not accumulated in the system.
Finally, it is worthy of consideration that leakage of gas between both reactors was avoided by the presence of the U-shaped loop seal (2) and the solids reservoir (7). Thus, the presence of oxygen in the fuel reactor solely came from oxygen released by reaction
(1).
The total oxygen carrier inventory in the system was around 2.0 kg, being about 0.5-0.6 kg in the fuel reactor. The amount of solids in the fuel reactor was calculated from pressure drop measurements in the reactor for each test. CO 2 , CO, H 2 , CH 4 , and O 2 were continuously analyzed at the outlet stream from fuel reactor, whereas CO 2 , CO and O 2 were analyzed from the flue gases of the air reactor.
Non-dispersive infrared (NDIR) analyzers (Maihak S710/UNOR) were used for CO, CO 2 , and CH 4 concentration determination; a paramagnetic analyzer (Maihak S710/OXOR-P) was used to determine O 2 concentration; and a thermal conductivity detector (Maihak S710/THERMOR) was used for H 2 concentration determination. In some selected experiments, the tar amount present in fuel reactor product gas was determined following the tar protocol (Simell et al., 2000) , as well as higher C 2 , C 3 and C 4 hydrocarbons were analyzed off-line by a gas chromatograph (HP5890 Series II).
Because of heat losses, the system is not auto-thermal and it is heated up by means of various independent ovens to get independent temperature control of the air reactor, fuel reactor, and freeboard above the bed in the fuel reactor. During operation, temperatures in the bed and freeboard of the fuel reactor, air reactor bed and riser were monitored as well as the pressure drops in important locations of the system, such as the fuel reactor bed, the air reactor bed and the loop seal. The temperature in the fuel reactor was varied from 900 to 950 ºC, whereas the freeboard temperature was 900 ºC. The temperature in the air reactor was maintained at 900 ºC.
In Table 3 , a resume of the operational variables used in this work for all coals is
shown. The solids circulation rate was maintained at a mean value of 3-4 kg/h, whereas the coal feeding rate was varied from 0.08 to 0.13 kg/h depending on the coal type. The oxygen carrier to fuel ratio, , was around 1.0-1.2. The oxygen carrier to fuel ratio was defined as the ratio of the oxygen transported by the oxygen carrier to the oxygen demanded by coal for complete combustion. A value of  = 1 corresponds to the stoichiometric flow of CuO needed to fully convert coal to CO 2 and H 2 O, being CuO reduced to Cu 2 O. Thus,  was calculated with the following equation:
OC m  being the solids circulation flow rate in the completely oxidized state and coal m  the mass-based flow of coal fed in to the reactor. Ω coal is the stoichiometric kg of oxygen to convert 1 kg of coal to CO 2 and H 2 O. This value was calculated from the proximate and ultimate analysis of coal, see Table 2 , by using the following equation:
f i being the mass fraction of the element i in coal.
Air flow into the air reactor was maintained constant for all tests, always remaining in excess over the stoichiometric oxygen demanded by the fuel. The air excess ratio, λ, was defined in equation (7), and the values for the experimental work were always above 1, and are shown in Table 3 . 
being m the sample mass at each time, m 0 the char sample mass fully devolatilized and m ash the ash remaining mass in the char after reaction.
In the continuous CLOU unit, to analyze the confidence of the results, a mass balance to oxygen and carbon was carried out using the measurements of the gas stream coming from the air and fuel reactors. The product gas flow in dry basis in the fuel reactor, 
F inFR being the inlet flow to the fuel reactor, i.e. the sum of N 2 for fluidizing, N 2 from loop seal and N 2 from the screw-feeder, and y i,outFR the i gas concentration exiting from the fuel reactor in dry basis.
The outlet gas flow from air reactor, F outAR , was calculated through the introduced N 2 .
  
Thus, the exiting flows of O 2 and CO 2 from the air and fuel reactors can be easily calculated using the actual concentration of each gas i.
Notice that nitrogen is used as fluidizing agent in the fuel reactor during experimental work, thus CO 2 comes uniquely from the coal combustion. .
With the gas flows, a mass balance to carbon and oxygen was done as:
The water concentration was not measured. However, to consider the oxygen exiting with H 2 O coming from oxidation of hydrogen in the coal, it was assumed that water came both from humidity and hydrogen content in coal.
The evaluation of the CLOU performance with different coals was carried out by studying the effect of the operational variables on the carbon capture efficiency, the char conversion and the combustion efficiency in the fuel reactor.
The carbon capture efficiency,  CC , was defined as the fraction of carbon present in the coal which is at the outlet of fuel reactor. This is the real carbon captured in the CLOU system, as the remaining carbon exit as CO 2 exiting together with nitrogen at the air reactor outlet. 
The carbon capture efficiency depends on the conversion of char in the fuel reactor, 
The molar flow of carbon contained in the volatile matter was calculated as
f C,fix being the fixed carbon given by coal analysis, see Table 2 . Eq. (17) The fractional conversion rate of the char, (-r C ), can be calculated from the values of the char conversion in the fuel reactor and the mean residence time of char particles in this reactor,  char . The fractional conversion rate of char was calculated as follow:
 char is related to the mean residence time of solids in the fuel reactor with the following equation:
Finally, the combustion efficiency in the fuel reactor,  comb,FR , evaluates the combustion degree only to the fraction of coal converted in the fuel reactor. The combustion efficiency in the fuel reactor was calculated through the quotient between the oxygen required to fully burn unconverted gases (CH 4 , CO and H 2 ) and the oxygen demanded for full combustion of the coal converted in the fuel reactor. Therefore, the combustion efficiency in the fuel reactor was calculated as: 
Results
To investigate the performance of the CLOU system for the combustion of different coals, several tests under continuous operation were carried out in the ICB-CSIC-s1
experimental rig. The Cu60MgAl material was used as oxygen carrier. The effect of the coal rank and the fuel reactor temperature on the combustion efficiency and carbon capture efficiency was investigated. Thus, the fuel reactor temperature was varied from 900 ºC to 950 ºC. A total of 40 h of operation were carried out. Similarly to that found in a previous work (Adánez-Rubio et al., 2012b) , both reactivity and oxygen transport capacity of solids were maintained constant during the experimental work.
The gas composition of the exit gases of fuel and air reactor was determined for every experimental condition. As example, Fig. 3 shows the concentration of gases (dry basis) measured as a function of the operating time for experiments carried out with lignite.
Several temperatures in the fuel reactor was tested, and at least 60 min was operated at constant temperature.
When temperature was varied, a transition period appeared and stable combustion was reached usually in less than 10 min. At steady state, the gas outlet concentration and temperature were maintained uniform during the whole combustion time. The mass balances for carbon and oxygen, see Eqs. (12) and (13), were found to be accurate.
Thus, the loss of carbon by elutriation of char particles from the fuel reactor or carbon not recovered by cyclone was negligible regarding the carbon balance in the system.
Moreover, when the oxygen transferred from the oxygen carrier to the fuel was equal to the oxygen transferred from the air to the oxygen carrier, the steady state was reached.
In all cases, no CH 4 , CO or H 2 were detected in the gases exiting from the fuel reactor.
The possible presence of tars or light hydrocarbons was also analyzed. In addition, in the experiments done at the lowest temperature for all the coals, tar measurements in the fuel reactor were done using a tar protocol. The results showed that there were not tars in the fuel reactor outlet flow, that is, no hydrocarbons heavier than C 5 . Also in these experiments, gas from the outlet stream of fuel reactor was collected in bags and analysed with a gas chromatograph. The analysis proved that there were no C 2 -C 4 hydrocarbons in the gases. Thus, CO 2 , H 2 O and O 2 were the only gases, together with N 2 introduced as fluidizing gas. Also, small fractions of SO 2 and NO were present in the gases coming from sulphur and nitrogen present in the coal. However, these components were not evaluated in this work.
Therefore, it was found that volatiles were fully converted into CO 2 and H 2 O in the fuel reactor by reaction with the oxygen released from the CuO decomposition. In addition, the oxygen release rate was high enough to supply an excess of gaseous oxygen (O 2 ) exiting together with the combustion gases. Oxygen concentration was close to thermodynamic equilibrium for each reactor temperature, being the oxygen concentration at equilibrium conditions 1.7% at 910ºC, 2.4% at 925ºC, 3.0% at 935ºC and 4.2% at 950ºC. As temperature was increased, more O 2 is released from the fuel reactor according to equilibrium of CuO decomposition. On the other hand, the O 2 concentration at the outlet of the air reactor slightly decreased with temperature due to the oxygen carrier comes more reduced from the fuel reactor because more oxygen was released in the fuel reactor. Similar results were found with the other fuels. Note the low solids inventory used in the CLOU system (see Table 3 ) compared to CLC with coal, where about 1800 kg/MW th was necessary to obtain a combustion efficiency of 96 % (Cuadrat et al., 2011 Anthracite (83%). This result clearly indicates the need of a carbon separation system when low reactive coals are used, to return unconverted char to the fuel reactor. This system is similar to the proposed for CLC with solid fuels (Cao and Pan, 2006) . In this way it is possible to increase the char conversion and to reduce the amount of char transferred to the air reactor. The need of a carbon separation system will depend mainly on the coal reactivity in combustion with oxygen.
CO 2 capture efficiencies are dependent on the carbon transferred from the fuel to the air reactor. As the all carbon in volatiles were captured, the carbon capture depends on the unconverted char in the fuel reactor, i.e. the char conversion, which in a CLOU or a CLC system can be affected by the reactor temperature and the solids circulation flow rate (Cuadrat et al., 2012d) . Nevertheless, the solids flow rate was maintained constant for all the tests. Fig. 4(b) shows the char conversion as a function of the fuel reactor temperature for different coals. Similar trends to that found for the CO 2 capture efficiency were found for different coals. Char conversions increased when the temperature increased for all coals and the increase was more effective for low rank coals.
The differences observed in char conversion among the different fuel must be related with the intrinsic combustion reactivity of the coals. Thus, reactivity of the coal chars was determined in TGA. Fractional conversion rate of char per unit of carbon mass in char can be used to carry out a comparison between the different coals, because char conversion in the fuel reactor depends directly of this rate. Fig. 6 shows the fractional conversion rate of char as a function of temperature calculated using Eq. (19) for the four coals used in the CLOU unit. As expected, the fractional conversion rate of char increases with temperature. The differences between fractional conversion rates showed in Fig. 6 for the different fuels are lower than the difference in reactivity measured in the TGA. It is necessary to consider that at the operating conditions used in the CLOU unit, the reaction rates are in a reaction regime II for porous solids (Walker et al., 1968) , that is, the effect of char reactivity is smoothed by the mixed control of the diffusion and kinetic rates.
Discussion
With the results obtained in the continuous CLOU unit, an optimization of the CLOU process has been carried out to maximize the CO 2 capture efficiency with the minimum solid inventory. Thus, the carbon capture efficiency was analyzed as a function of the fractional conversion rate of char of the different coals (Cuadrat et al., 2012b) . The effect of using a carbon separation system is also analyzed in this section.
As carbon capture efficiency depends on the char conversion in the fuel reactor, a carbon separation system can be used to improve the char conversion and carbon capture in the system. This system allows the separation of char from the oxygen carrier by fluidized bed selective entrainment. In this way the char is transported to the fuel reactor to improve the char conversion, whereas oxygen carrier particles sent to the air reactor.
Considering a carbon separation system, char conversion can be calculated as a function of the carbon separation system efficiency as follows (Cuadrat et al., 2012b) :
where s m  is the oxygen carrier flow rate,  CCS is the carbon separation system efficiency, (-r C ) the fractional conversion rate of char and m s,FR the mass of oxygen carrier in the fuel reactor. The carbon capture efficiency is related to the char conversion with the following equation:
Using Eq. 22 and 23, it is possible to analyze the effect of the oxygen carrier inventory and the efficiency of carbon separation system on char conversion and carbon capture efficiency in the system, once the value of C (-r ) is known.
Figs. 7(a), (b) and (c) show the char conversion as a function of the fuel reactor inventory for Lignite when a carbon separation system with different efficiency ( CCS = 0, 50 and 90%) is considered at 909 (a), 935 (b) and 950 ºC (c). In this analysis, the residence time of solids was maximized by operating at a value of the oxygen carrier to fuel ratio,  = 1.1 (Cuadrat et al., 2012c) . Namely, the solid circulation flow rate per MW th of fuel was fixed for every coal. As it can be seen in Fig. 7(a) , if the carbon separation system efficiency ( CCS ) is given, the char conversion increases with the oxygen carrier inventory due to the increase of the residence time of solids in the fuel reactor. For the same reason, if  CCS increases more char returns to the fuel reactor increasing its residence time. As a consequence, the char conversion increases with  CCS . The effect of carbon separation system was very high especially at the lower temperatures and lower oxygen carrier inventories in the fuel reactor.
It is possible to calculate the carbon capture efficiencies in the CLOU process by using Eq. (23). Fig. 8(a) , ( Carbon capture efficiency increases with the fuel reactor inventory for a fixed carbon separation system efficiency, due to the increase of the char conversion. As can be seen in the figures, the effect of carbon separation system was very high especially at the lower temperatures and lower oxygen carrier inventories in the fuel reactor.
Same trends were found for the different coals used in this work although values were dependent on coal reactivity which was related with the coal rank. With low reactivity coals higher oxygen carrier inventories were needed to obtain the same carbon capture efficiency using a carbon separation system with the same efficiency,  CCS . Fig. 9 shows the minimum fuel reactor inventory necessary to reach a carbon capture efficiency of 95% as a function of the temperature a carbon separation system with CSS η = 90% was also included with all different coals. Important differences were found depending on the coal rank. Lignite and MV Bituminous, have a high char conversion rate and need very low fuel reactor inventories, with values of 45 and 85 kg/MW th respectively to reach 95 % carbon capture efficiency at 925 ºC respectively. At these conditions, the residence time of solids in the fuel reactor is 31 and 58 s, respectively.
As opposite, for anthracite higher fuel reactor inventories are needed to reach high values of carbon capture efficiency, near 490 kg/MW th at 925 ºC, with a residence time of 365 s. However, these inventories are much lower than those found to burn anthracite in the CLC process using ilmenite (Cuadrat et al., 2012b and 2012c) as 1800 kg/MW th are needed. Moreover, the inventories needed for the different fuels showed an important decrease with temperature indicating the need of fuel reactor temperatures as higher as possible, especially for Anthracite.
These inventories are calculated to reach high char conversion values. However, it must be taken into account the oxygen carrier reactivity. In a previous work using this oxygen carrier, Adánez-Rubio et al. (2012a) Bituminous coals, the solids inventory will be defined by the amount of solids necessary to reach complete combustion rather than to reach high char conversion values
In other cases, i.e. low reactive coals or absence of a carbon separation system, the solids inventory in the fuel reactor will come defined to have solids residence time high enough to convert the char. In this case, the absence of unburnt products would be guaranteed even if lower solid inventories were used. At these conditions (Region I defined by Adánez-Rubio et al. (2012a) ), complete combustion is reached, although some oxygen at equilibrium conditions will be also present. This oxygen could to limit the fuel reactor temperature if the oxygen concentration in the CO 2 stream should minimized, because this oxygen must be separated from CO 2 before its transport and storage (Allam et al., 2005) 
Conclusions
The performance of the CLOU process for combustion of coals of different rank with a Cu-based oxygen carrier (Cu60MgAl) prepared by spray-drying was determined in a continuously operated unit.
With all the coals used, unburnt compounds were not present in the fuel reactor outlet. The coal rank showed an important effect on the carbon capture efficiency. For low reactivity coals it is necessary the use of a carbon separation system to reach a CO 2 capture efficiencies higher than 95 %. Tables   Table 1. Properties of the oxygen carrier Cu60MgAl. Oxygen to balance 
